We present results of 566 high-dispersion echelle spectra of the roAp star HR 3831. We obtain radial velocities of different ions by cross-correlation with suitable templates. The inhomogeneous abundance distribution results in different rotational velocity curves for different ions. We confirm the large pulsational amplitude in doubly ionized rare-earth ions. In addition we show that, whereas Hα has a large pulsational velocity amplitude, the pulsational velocity amplitudes in Hβ and Hγ are below the detection limit. This supports the idea that the pulsational amplitude is a function of height and that there is a layer enriched with rare earths in the upper atmosphere. We present a list of lines where the pulsational velocity is the largest. In the radial velocities of the Nd III line we are able to resolve the two frequencies of highest amplitude seen in the light variations. Co-added spectra indicate that one of these frequencies is an axisymmetric mode [possibly ( , m) = (2, 0)] and the other a non-axisymmetric mode [possibly (2, −2)]. This confirms recent observations of non-axisymmetric modes in roAp stars. We suggest that the presence of non-axisymmetric modes is simply a consequence of the departure of the eigenfunction from a pure spherical harmonic inclined to the rotational axis and is not related to the Coriolis force. Hence the frequency splitting is precisely equal to the rotational frequency, as observed. Whereas the light variations show strong harmonics, these are not present in the radial velocities.
I N T RO D U C T I O N
HR 3831 (HD 83368) is a rapidly oscillating Ap star belonging to the SrCrEu group. Renson & Manfroid (1978) and Renson et al. (1984) found it to be a photometric variable with a period of 1.426 d, probably the rotation period. Kurtz (1982) obtained very accurate photometry and inferred that the correct period to be twice this value because of a slight asymmetry in the light curve. Thompson (1983) obtained magnetic field strength data and found alternate field reversals, confirming the 2.86-d period. Mathys (1991) found an effective magnetic field amplitude of 737 G and P rot = 2.851 962 d. The surface magnetic field has an average field strength of 11 kG. Bagnulo, Landolfi & Landi Degl'Innocent (1999) modelled the magnetic field and obtained i = 90
• ± 1
• for the inclination of the rotational axis and β = 8
• for the inclination of the magnetic axis to the rotational axis. The average dipole field strength is 14.1 ± 0.5 kG. On the other hand, Polosukhina et al. (2000) find a much lower field strength (2.7 ± 0.3 kG) with i = 89
• ± 16
• , β = 74 • ± 10
• . Thus, there is agreement on the inclination of the rotational axis, but an ambiguity concerning the inclination of the magnetic axis to the rotational axis. E-mail: lab@saao.ac.za North et al. (1998) found strong variations in the intensity of the Li I lines with rotational phase. They concluded that the cause of the variation is the concentration of lithium in two diametrically opposed spots. Polosukhina et al. (2000) and Shavrina et al. (2001) carried out an abundance analysis of HR 3831 and showed that the Li abundance changes in phase with the surface magnetic field strength.
HR 3831 is one of the best-studied roAp stars. The star was discovered by Kurtz (1982) to be pulsating with a principal period of 11.67 min. The amplitude modulation owing to rotation is clearly visible, but the pulsations are non-sinusoidal with the first and second harmonics easily visible in the power spectrum. From several seasons of photometric monitoring, Kurtz et al. (1997) find a fundamental septuplet with frequency ν = 1428.01 µHz, a first harmonic quintuplet, a second harmonic triplet and a third harmonic singlet with spacings given by the rotational frequency (P rot = 2.851 976 ± 0.000 03 d). There is a highly significant variation of frequency with time-scale of years which at present is not understood. Baldry & Bedding (2000) obtained time series spectroscopic observations of the Hα line and found that its velocity amplitude varies from 0 to 0.8 km s −1 depending on the rotational phase. The phase of pulsation, as measured by the width of the Hα line varies with height in the line. They found that the velocity amplitude and phase varies significantly with the wavelength band.
An important breakthrough in our understanding of the roAp phenomenon was made by Savanov, Malanushenko & Ryabchicova (1999) who found that in γ Equ the largest pulsational amplitude occurs in the Nd III and Pr III lines. Other lines show no variability exceeding the detection limit. They suggest that the pulsations are not global but occur only in areas of enriched rare-earth elements. Kochukhov & Ryabchikova (2001a) found the same effect in α Cir and HR 3831. Kochukhov & Ryabchikova (2001b) obtained highresolution time series spectroscopy of γ Equ and were able to resolve line profile changes caused by non-radial pulsations (NRP). They confirmed that the largest radial velocity (RV) amplitude occurs in lines of rare-earth elements. In addition, they detected a phase shift between the RV variations of singly and doubly ionized rare earths and found significant RV amplitude in the weak Na I lines. None of the other metal lines showed detectable RV variations except for Ba II. The strange dependence of RV amplitude for different wavelength bands found in earlier work is now understood to be caused by the differing numbers of doubly ionized rare-earth lines within the wavelength bands. Ryabchikova et al. (2002) presented evidence for vertical element stratification in γ Equ. The abundance of Pr and Nd increases strongly with height in the atmosphere, which explains the different behaviour of the RV amplitudes and phases between the singly and doubly ionized rare-earth lines. Balona & Zima (2002) obtained RV measurements of HR 1217 and showed that the amplitude was below the detection limit in the iron-group elements, but easily detectable in the rare-earth elements.
Perhaps the most significant result of all was found by Kochukhov & Ryabchikova (2001a,b) who found that the line profile variations associated with the high-amplitude Nd III lines indicate nonaxisymmetric pulsations rather than the axisymmetric mode expected from the currently accepted oblique pulsator model.
It is clear that a study of the radial velocity variations in roAp stars will lead to an improved understanding of the pulsations and the excitation mechanism. At the present time we are uncertain as to why the amplitude is so large in doubly ionized rare-earth elements and in Hα. This could indicate significant amplitude only in regions where the rare-earth elements are abundant. On the other hand, the observations may be explained simply by a rapid increase of amplitude with height. It is important to obtain data from many different stars to clarify this problem. For this reason, we obtained a large number of high-dispersion spectroscopic observations of HR 3831. In this paper we present these results and analyse them in terms of our new understanding of these stars.
O B S E RVAT I O N S
Spectroscopic observations at SAAO were obtained using the GIRAFFE echelle fibre-fed spectrograph attached to the Cassegrain focus of the 1.9-m telescope. The GIRAFFE spectrograph has a resolving power of approximately 32 000. The 1024 × 1024 TEK charge-coupled device (CCD) chip gives a dispersion of 0.06-0.09Å pixel −1 . A Th-Ar arc lamp was used for wavelength calibration with arc spectra taken at regular intervals to calibrate possible drifts. Typical drifts of 0.5-1.0 km s −1 during the night are encountered. The final wavelengths are corrected for drifts by interpolating the pixel shift in time by a polynomial. Flat-fielding was accomplished by illuminating the camera with uniform light using a tungsten filament lamp and a diffusing screen. The blaze correction was determined by measuring the response across each order when the fibre was illuminated by a tungsten lamp. The wavelength range was 4400-6680Å spread over 45 orders. The exposure time was fixed at 120 s 
T H E M E A N S P E C T RU M O F T H E S TA R
We obtained the radial velocity of the star by cross-correlating each spectrum by a synthetic spectrum of a star of normal abundance. We used the SPECTRUM code (Gray & Corbally 1994) to calculate a Kurucz solar-abundance model atmosphere with T eff = 8 250 and log g = 4.00. The spectrum is not a particularly good fit to HR 3831 owing to the numerous rare-earth lines, but it is a good fit to the normal stellar lines, including hydrogen. The resulting velocity, of course, mainly reflects the velocity of elements such as Fe and Cr that are distributed inhomogeneously on the stellar photosphere. The velocity curve for these elements are described below. Each spectrum was then corrected to zero radial velocity and co-added, resulting in a mean spectrum with a very high S/N ratio. This, in turn provided a template for another radial velocity study (see below). The mean spectrum obtained in this way was cross-correlated with the synthetic spectrum to give a correlation profile that is representative of the mean line profile for those lines found in solarabundance stars. This allows an accurate determination of the projected rotational velocity. Using a non-linear least-squares fitting algorithm, we fitted synthetic line profiles with trial values of v sin i until the best fit was achieved. The result, v sin i = 30 ± 2 km s −1 , agrees with the value v sin i = 33 ± 3 km s −1 found by Carney & Peterson (1985) . The fit of the synthetic profile to the correlation profile is shown in Fig. 1 .
HR 3831 has an Hipparcos parallax of 13.80 ± 0.76. Using T eff = 8000 ± 200 K (Kurtz et al. 1994 ) and a bolometric correction of −0.13, we obtain L = 13.4 ± 1.5 L and R = 1.9 ± 0.2 R . Using the known rotational period, we find an equatorial velocity of v e = 33.7 ± 3.5 km s −1 . The inclination must be close to i = 90
• .
ROTAT I O NA L VA R I AT I O N
The radial velocity was obtained by cross-correlation using three different templates: (i) the synthetic spectrum of a normal star; (ii) the mean spectrum of the star itself; and (iii) the mean spectrum of the star but only using spectral lines that do not appear in a normal star (essentially the rare-earth lines). The radial velocity was determined by fitting a parabola to the peak of the correlation function. Periodograms of velocities give, in every case, highest power at ∼ν = 0.70 cycle d −1 , which is twice the rotational frequency. In Fig. 2 we show the radial velocity curves phased on the rotational period for the three different templates. The time of phase zero in this and other figures is JD 245 2299.2985, which is the epoch of Kurtz et al. (1997) plus 1398 rotational periods. If the uncertainty in the rotational period is 0.000 03 d, then the phases should still be accurate to within ∼0.05 of a period. The phase coverage is poor, but there is a clear difference in amplitude and shape between the curve obtained from normal spectral lines and from the rare-earth lines, as could be expected from the different surface abundance distributions. The typical semi-amplitude of the variation is approximately • , in agreement with Bagnulo et al. (1999) if the spots coincide with the magnetic pole.
In Fig. 3 we show the radial velocities of Hα, Hβ and Hγ phased with the period of rotation (for the sake of visibility we have used a running mean in plotting the RVs of the hydrogen lines). The phase variation of the hydrogen lines is similar to those of normal photospheric lines and differs from the phasing of the rare-earth lines. There is a trend of increasing amplitude from Hα to Hγ , which is probably caused by the fact that the core of Hα is formed at a higher level than the core of Hγ . Hγ is therefore more affected by the photospheric spatial abundance distribution.
In Fig. 4 we show the radial velocities of the Li λ6708, Nd III lines and of the Na I λλ5890, 5896 doublet. The Na I line follows the phasing of normal stellar lines, whereas the Li I and Nd III have opposite phasing. The velocity range for Li is particularly large, suggesting that it may be more spatially concentrated and close to the equator. Polosukhina et al. (2000) obtained a radial velocity curve of similar amplitude for Li, which also shows a large equivalent width variation. They find two diametrically opposite Li spots situated near the equator of the star. In their model, in which the magnetic poles are also near the equator, the Li spots are displaced from the magnetic poles by approximately 23
• (Shavrina et al. 2001 ). Since the radial velocity amplitude of the rare-earth lines is low, our observations tend to support β = 8
• found by Bagnulo et al. (1999) if the rare-earth spots are assumed to coincide with the magnetic poles, as is usually the case. Thus the Li spots are not associated with the magnetic poles at all, but lie near the magnetic equator. On the other hand, if we adopt β ≈ 74
• (Polosukhina et al. 2000) , then there is no correspondence between the rare-earth spots and the magnetic poles and there is a significant offset between the lithium spots and the magnetic poles. Neither case is disproved by our observations, though on balance β = 8
• seems more likely.
In principle, the phase of the radial velocity curve provides information concerning the longitude of the spot. The phase is also important to link the time of pulsation maximum to particular features. Unfortunately, our rotational phase coverage is poor and nothing very definite can be said concerning the phase relationship. The Fourier curves shown in the figures are merely an aid to the eye. Nevertheless, there does not seem to be any particular correlation between RV extrema or quadrature and the time of pulsational maximum.
T H E P U L S AT I O N S
We removed the 2.85-d rotational period from the radial velocities by fitting a third-order Fourier curve. The residuals were then analysed for further periods. In Fig. 5 we show the RV periodograms using the three different templates. There are no detectable shortperiod variations in the normal stellar lines. On the other hand, the 11.67-min periodicity (ν = 1.43 mHz) is strong in the RVs using the spectrum of the star itself as a template and stronger still in the rare-earth lines. The peak at ν = 4.15 mHz is an alias as it disappears when the 1.43-mHz peak is removed. The spectral window shows a very strong peak at 5.58 mHz (3-min period), which is approximately the mean sampling frequency. The 4.15-mHz alias is the difference between this frequency and ν. The important point here is that the roAp pulsations are only visible in the rare-earth lines and not visible in the normal metal lines, confirming the result found by Kochukhov & Ryabchikova (2001a,b) . Fig. 6 shows the periodograms of the RVs for Hα, Hβ and Hγ . We see a strong signal at the pulsational frequency in the Hα line, similar in amplitude to that found by Baldry & Bedding (2000) . Note, however, that the pulsation is not detectable in Hβ, which has similar S/N ratio. It is not visible in Hγ , but this is not surprising since the noise is much higher in this line. Since the core of Hα is formed at a higher altitude than Hβ, we consider this as strong evidence for the suggestion that the pulsation amplitude increases rapidly with height.
Among the rare-earth lines, those of Nd III and Pr III have the largest amplitudes (Savanov et al. 1999) . In Fig. 7 we show the periodogram of the Nd III λ6145.07 line, which confirms the high amplitude in this line. Kochukhov & Ryabchikova (2001b) found a high RV amplitude in the Na I lines in γ Equ. The pulsation is below detectable level in the Na I lines in HR 3831. If present, they have a much lower amplitude than the rare-earth lines and very much lower than the Nd III and Hα lines.
In Fig. 8 we show the periodogram around ν 1 = 1.432 mHz for the Nd III lines. The highest peak occurs at ν 2 = 1.424 mHz. Prewhitening by this frequency gives ν = 1.432 mHz. These two peaks correspond exactly to the two highest amplitude periods in the photometry, ν 1 = ν 0 − ν rot and ν 2 = ν 0 + ν rot with ν 0 = 1.428 009 (Kurtz et al. 1997 ). Pre-whitening by ν 1 and ν 2 does not lead to further significant peaks; the highest peak is at 1.452 mHz. However, if this is taken as a 2 cycle d −1 alias of the true frequency, then we obtain 1.429 mHz, which is not significantly different from the central peak, ν 0 , observed in the photometry. Assuming that this identification is correct, the ratio of the sum of the side peak amplitudes to central peak amplitude is γ + = 6.3 ± 0.4, whereas the photometry gives γ + = 8.6 ± 0.2. This parameter is a function of the magnetic field configuration and is an important quantity in the theory of Bigot & Dziembowski (2002) .
The rotational splitting arises from the amplitude modulation of the radial velocity with rotational phase. In Fig. 9 we show the RV amplitude of the rare-earth lines, Nd III and Hα as a function of rotational phase. Amplitudes and phases of the radial velocities of various lines are shown in Table 2 .
In order to determine which lines are primarily responsible for the RV variations, we calculated the amplitude and phase at every single wavelength point across the entire spectrum at frequencies ν 1 and ν 2 . The resulting amplitude spectra clearly show that the radial velocity variation is almost entirely determined by Nd III and Pr III. The amplitude generated by the first ionization stages of rare earths are much smaller and not much larger than those generated by other metals. In Table 3 we show the lines that are responsible for most of the RV variation. The intensity amplitude at ν 1 = 1.423 95 mHz is shown. The amplitude at ν 2 = 1.432 07 mHz is almost the same. We do not show the phase because this changes rapidly across the line profile and is very uncertain. When these lines are blocked out of the spectrum, the radial velocity amplitudes at these two frequencies is only 0.1 km s −1 . Using only these lines leads to an amplitude of 0.8 km s −1 for ν 1 and 0.6 km s −1 for ν 2 . 
S T R AT I F I C AT I O N O F P U L S AT I O NA L A M P L I T U D E
One of the most interesting recent findings is that there may be an apparent overabundance of Nd III and Pr III in all roAp stars (Ryabchikova et al. 2002; Weiss et al. 2002) . In these stars the core and wings of strong saturated lines are difficult to fit with a single abundance value. Abundances obtained from high-excitation lines deviate significantly from the mean value. The microturbulence obtained in a standard abundance analysis is different for various elements. Abundances obtained from lines of different ionization stages are discordant. In order to explain these anomalies and the overabundance of Nd III and Pr III in roAp stars, Ryabchikova et al. (2002) proposed that an overabundant layer of rare-earth elements is present in the upper atmosphere of these stars. They argue that the ionization balance of these ions shows that they cannot originate in enriched deep atmospheric layers. The only way of obtaining strong lines of the second ions and at the same time much weaker lines of the first ions is to postulate a thin layer above the optical depth τ 5000 = −8 with a large overabundance of rare-earth elements. Ryabchikova et al. (2002) were able to show that such a scenario does indeed give the observed line strengths in γ Equ. The evidence thus suggests that for some unexplained reason, roAp stars have an enriched layer of rare-earth elements in the upper atmosphere in addition to the normal rare-earth overabundance concentrated near the magnetic poles that is found in all Ap stars. Because of the expected sharp increase of pulsational amplitude with height, lines formed in this layer (predominantly Nd III and Pr III) will show much higher RV amplitudes. This also explains why the RV amplitude of Hα is very much higher than the other Balmer lines since the core of Hα is formed at a higher altitude than the cores of other Balmer lines.
Analysis of pulsation in roAp stars is complicated by the fact that apart from the possible vertical stratification of some spectral lines discussed above, we clearly also have variations of abundance across the surface of the star. It is clear from a comparison of Figs 2 and 4 that the abundance variation of Nd III and Pr III mirrors the abundance variation of all rare-earth elements. These ions are not only concentrated in an upper layer, but also around the magnetic poles, as for the other rare-earth ions.
In Fig. 10 we show the pulsational velocity curves for ν 1 = 1.423 95 and ν 2 = 1.432 07 mHz for Hα and Nd III and the rareearth lines. It is clear that there is a substantial difference in phase between Hα and Nd III (Table 4) . Large phase differences in the radial velocities of various ions appear to be a feature of roAp stars (Kochukhov & Ryabchikova 2001b ). 0.31 ± 0.26 0.0 ± 0.9 Nd III 1.88 ± 0.34 1.1 ± 0.2
T H E M O D E S O F P U L S AT I O N
The discovery by Kochukhov & Ryabchikova (2001a,b) that the mode of pulsation is non-axisymmetric poses a severe challenge to the oblique pulsator model. In this model the axis of pulsation coincides with the magnetic axis and the pulsations are axisymmetric so that the equidistant frequency multiples are entirely a result of the variation of amplitude with aspect angle as the star rotates and are spaced at exactly the rotational frequency. A model where the modes are non-axisymmetric encounters the problem of explaining why the frequency spacing is not slightly different from the rotational frequency, as expected by perturbations caused by the Coriolis force. The only alternative to the oblique pulsator model is the spotted pulsator model proposed by Mathys (1985) . In this model the axis of pulsation is the rotational axis (actually any axis) and the amplitude modulation is not an aspect effect but an effect on the pulsational light amplitude created by the inhomogeneous abundance and temperature distribution in the photosphere. The reason why this model is not favoured is the assertion that amplitude modulation of the radial velocity curve should not occur. The fact that it does occur is taken to mean that the spotted pulsator model is not correct. However, this conclusion can no longer be inferred now that we know that the radial velocities are dominated by the second ionization stage of rare-earth elements and that these elements are segregated into spots and therefore subject to severe rotational modulation.
Another objection to this model is that, whereas the oblique pulsator model correctly predicts that the maximum pulsational amplitude should coincide with the magnetic maximum, in the spotted model it should coincide with the extrema of the rotational light curve. In general, there is a small but significant time difference between magnetic maxima and rotational light extrema.
According to the oblique pulsator model, HR 3831 has only a single pulsational mode, ν = 1.428 01 mHz (Kurtz et al. 1997) . Our spectra do not have a sufficiently high S/N ratio to resolve the line profile variations in individual spectra. However, we have co-added the correlation line profile of Nd III into 10 phase bins for the two observed frequencies ν 1 = ν − ν rot = 1.424 mHz and ν 2 = ν + ν rot = 1.432 mHz. The phased mean profiles were then divided by the mean correlation profile. The results, shown in Fig. 11 , have a good S/N ratio and clearly show correlated line profile changes. The blue-to-red motion of the subfeatures is quite evident for ν 2 , whereas ν 1 has the character of an axisymmetric mode, which can easily be confirmed by means of line profile modelling.
It should be noted that, whereas the line profile variations seen by Kochukhov & Ryabchikova (2001a,b) were from individual spectra and present no difficulty of interpretation, caution needs to be exercised in interpreting spectra co-added over many rotational cycles as presented in Fig. 11 . If the pulsations are symmetric with the rotational axis, there is no problem, but it is possible to obtain blue-to-red moving subfeatures in an axisymmetric mode if the pulsational axis differs from the axis of rotation.
We are not able to determine the mode, but in the zeroth-order perturbation theory the observed frequency, ν obs , is related to the frequency in the absence of rotation, ν 0 by ν obs = ν 0 − m(1 − C n ) , where C n is the Ledoux constant and is the frequency of rotation.
Since ν 1 appears to be axisymmetric, and since ν 2 − ν 1 = 2 , we may suppose that ν 2 is the prograde sectorial mode ( , m) = (2, −2). This makes the weaker central frequency with ν = 1.428 mHz observed in the photometry a (2, −1) mode. The other, even weaker frequencies that make up the fundamental septuplet may be generated by the spotted pulsator mechanism.
We propose this identification merely as a possibility and make no claims to its veracity. We have assumed that C n = 0 exactly, which cannot be correct. However, a full investigation requires the inclusion of the spotted pulsator effect. This effect predicts frequency components separated by exactly the rotational frequency. For both ν 1 and ν 2 there should be components separated by the small frequency difference mC n , which may well be unresolved but could be a possible explanation for the observed long-term apparent frequency variations.
C O N C L U S I O N S
In this paper we show that the pulsational radial velocity in HR 3831 attains high amplitude in the lines of Nd III and Pr III, as found in other roAp stars. In addition, we confirm the high radial velocity amplitude in the core of Hα, as previously found by Baldry & Bedding (2000) . In contrast, we do not detect the pulsation in Hβ, indicating a much lower pulsational amplitude in this line. These results can be understood in terms of a rapid increase of pulsational velocity with height. Since we know that the core of Hα is formed at a higher level than Hβ, our results lend support to the idea of Ryabchikova et al. (2002) that there is an enriched layer of rare-earth elements overlying the overabundant rare-earth spot on the photosphere.
We confirm the phase differences in the pulsational variations found in previous work. These are puzzling as no such phase differences are found in other pulsating stars, not even in the solar 5-min oscillations. A variation of phase with height indicates a running wave rather than a totally reflected standing wave. The idea that the pulsations may be running waves is reasonable because they are magneto-acoustic waves subject to energy loses and close to the critical frequency where the waves are no longer reflected. Observational verification will require a demonstration that the phase shifts depend on height. This may be obscured by the fact that the pulsational amplitude of a particular ion certainly depends on the spatial abundance of the ion as well.
By co-adding spectra phased with the two principal observed frequencies, we find that ν 1 = 1.424 mHz is an axisymmetric mode and ν 2 = 1.432 mHz is a non-axisymmetric mode. We tentatively identify ν 1 as ( , m) = (2, 0) and ν 2 as (2, −2). The weak central frequency observed in the photometry is then (2, −1). This identification agrees with the observed frequencies and with the intensities, since the (2, −1) mode will have a small intensity when observed nearly equator-on.
In a recent paper, Bigot & Dziembowski (2002) investigate the oblique pulsator model by including effects of the centrifugal force and using a non-perturbative treatment of the effect of the magnetic field. They show that it is the centrifugal force that is the primary cause of the rotational frequency shift, not the Coriolis force. They find that the axis of pulsation is not aligned with either the rotational or magnetic axis, but lies in the plane between these two axes. As an example, they give an application of their theory to HR 3831, but point out that the theory is not applicable if the magnetic field strength is as high as 14 kG as found by Bagnulo et al. (1999) . Bigot & Dziembowski (2002) do not address the observational detection of non-axisymmetric modes in all roAp stars observed thus far at high dispersion. If, for instance, we suppose that the mode in HR 3831 is = 1, m = ±1, the pulsational amplitude should reach a minimum when the pulsational axis is nearest the line of sight. This is opposite to what is observed. Any simple non-axisymmetric mode with pulsation axis in the plane of the rotational and magnetic axes will behave in the same way. Clearly, the mode must have a predominantly axisymmetric dipole component in order to explain the photometric observations. Yet, the spectroscopy shows without doubt that the eigenfunction contains a significant non-axisymmetric component.
It is beyond the scope of this paper to address these puzzling issues. We can be sure that the eigenfunction is not a pure spherical harmonic dipole mode inclined to the axis of rotation. If the angular dependence of the eigenfunction, ξ (θ, φ), differs markedly from a pure spherical harmonic, we may write
This shows that non-axisymmetric components are present in the observer's frame of reference even for a combination of purely axisymmetric modes. Whether this may explain the observations remains to be explored. HR 3831 is well known for its strongly non-sinusoidal pulsational light curve. Kurtz (1982) and Kurtz et al. (1997) find that the first and second harmonics are visible in the power spectrum. The radial velocity curve shows no sign of these harmonics. We conclude that the pulsation itself is probably sinusoidal, but that the temperature variation is related to the displacement in a non-linear way. Since it is the temperature variation that is entirely responsible for the light variation, this seems the most likely explanation.
